Single-molecule experiments show that the chromatin-remodeling complex RSC, a member of the SNF2 ATPase family, induces formation of a negatively supercoiled DNA loop by active translocation.
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Chromatin remodeling complexes such as RSC and SWI/SNF use the energy of ATP hydrolysis to modify nucleosome structure and thereby regulate DNA function (for a review see [1] ). This could in principle involve altering the position or stability of nucleosomes along DNA, for instance via physical interaction with the histone or even chemical modification of its octamer composition [2] . An oft-discussed possibility is that chromatinremodeling complexes translocate DNA, directly pushing nucleosomes along, or off of, the DNA, and perhaps even modifying the underlying higher-order DNA structure to further alter the binding stability of the nucleosome [3, 4] . This hypothesis is supported by experimental work showing that DNA structures, such as supercoiling and looping, can be induced by chromatin-remodeling complexes [3, 5] . Understanding how chromatin remodeling can affect gene regulation would also require additional insight into the kinetics of the process: how quickly can such changes be generated, and how stable are they? These questions are not easily answered using classical biochemical techniques, but new experimental work using real-time single-molecule DNA nanomanipulation begins to address these issues.
Lia et al. [6] have recently used a magnetic-trap based singlemolecule DNA nanomanipulation setup to study the interactions between a single RSC complex and a single, 3.6 kilobase linear DNA molecule. Single-molecule DNA nanomanipulation has gained widespread interest for its applicability to the real-time study of protein-DNA interactions. By attaching one end of a linear DNA molecule to a glass coverslip and the other end to a small magnetic bead, the DNA can be mechanically manipulated -stretched and twisted -by acting on the bead with a magnetic tweezer. The end-to-end extension of the nanomanipulated DNA is determined in real-time by measuring the position of the bead above the surface, and is a robust metric for the conformational state of the DNA molecule.
Such single-molecule techniques are particularly useful for the study of DNA translocases, enzymes which use the energy of nucleotide hydrolysis to drive themselves along the DNA in a directional manner. Indeed, whereas some translocases such as RNA polymerase advance base-by-base [7] , rotate with the DNA double-helix [8] and leave behind an easily identifiable, easily quantifiable biochemical product, most translocases may in fact couple their motion to DNA structure in a nontrivial fashion and not produce anything more than ephemeral, physical work -movement along DNA [9] . Using an appropriate experimental geometry, enzyme translocation can be simply detected in real-time by monitoring the resulting changes in the nanomanipulated DNA's end-to-end extension.
When Lia et al. [6] placed the nanomanipulated DNA in the presence of RSC complex and ATP, they observed transient shortenings in the length of the molecule, corresponding to ATP-fuelled translocation of hundreds of base pairs through a DNA-bound RSC complex and the resulting formation of a DNA loop. This implies that the RSC complex has at least two DNA binding sites: one which actually remains fixed on the DNA, and the other which translocates the DNA, driving loop formation.
The authors found that loop sizes were normally distributed with a mean of about 500 base pairs (about 110 nanometres), and even kilobase-sized loops were occasionally observed. Loop extrusion was rapid, short-lived and reversible: it typically took place in a second or so, then remained fixed for several seconds before reversing either by abrupt dissociation of the complex or reverse translocation of the motor. Loop length increased moderately with increasing ATP concentrations.
Low RSC concentrations and nicked DNA were chosen to ensure that the shortenings were indeed due to a single RSC complex translocating (and not rotating) the DNA molecule. This choice was confirmed by AFM observations of a single RSC complex inducing loop formation on a single DNA in the presence of ATP. Furthermore, gel analysis of combined RSC/topoisomerase reactions suggests these loops are unconstrained and do not result from stable wrapping of DNA about the protein.
Lia et al. [6] also found that these reversible shortenings were largely dependent on the applied stretching force: increasing the force decreased the size of the loops, such that no loop formation could be detected against a force of about 2 picoNewtons. Note that the weak forces used here (from 0.1 to 2 picoNewtons) do not deform the regular B-DNA structure of the nanomanipulated molecule, and are expected in vivo. Thus, the RSC motor complex truly translocates DNA, even despite a (moderate) opposing mechanical force, and this mechanical work is coupled to a rate-limiting step of the enzyme cycle (otherwise the reaction would not be affected by changes in the applied force).
By working with unnicked DNA molecules to evaluate the effect of DNA supercoiling on formation of the loops, Lia et al. [6] also analyzed how RSC causes DNA to rotate as it is actively transported through the complex. They found that, during loop extrusion, positive supercoils form in the untranslocated portion of the DNA and that, consequently, negative supercoils are formed in the translocated loop. Although this means that DNA rotates in a right-handed fashion through the translocating portion of the RSC complex, coupling between DNA rotation and translocation is not 'one-to-one' for RSC. Unlike DNAgroove-tracking proteins, such as RNA polymerase [8] or the type I restriction endonuclease EcoR124I [10] , which rotate the DNA a full turn for every ten base-pairs translocated, here the rate of DNA rotation appears bounded between twenty and fifty degrees for every ten base-pairs translocated. This suggests that the stepsize of RSC along DNA is about twelve base pairs (or multiples thereof). It is noteworthy that similar behaviour was observed with the bacterial chromosome-partitioning complex FtsK [9] . Surprisingly, although loop length increased with ATP concentration, the amount of supercoiling built up in the looped region appeared to decrease as the ATP concentration increased. Lia et al. [6] suggest this might be due to torsional 'slippage' of the DNA as it rotates through the enzyme: as the motor velocity increases, perhaps it cycles too quickly to fully couple translocation and rotation, allowing supercoils to 'leak out' of the loop. Furthermore, less supercoiling was found in the looped region formed on a positively supercoiled DNA template than that formed on negatively supercoiled DNA; because it is energetically costlier to translocate positively supercoiled DNA than negatively supercoiled DNA, this could also be a result of increased slippage in conditions where loop growth is less favourable.
Using a single-molecule DNA nanomanipulation technique, Lia et al. [6] succeeded in demonstrating that the RSC chromatin-remodeling complex can actively and reversibly translocate DNA, causing a negatively supercoiled loop of DNA to form. This offers experimental support for several models according to which this remodeler may act to reorganize nucleosomes: they may indeed be displaced by the passage of the RSC complex, or they may be destabilized by the transient changes in topology and mechanical strain of the DNA they are associated with. These experiments offer a tantalizing vision of the way in which chromatin remodelers work with DNA. Although the reaction may be different in the presence of nucleosomes, the observation that the BRG1 and Brm catalytic subunits of human SWI/SNF homlogs generate similar DNA distortion as RSC points to a common mechanism for these ATP-fuelled molecular machines.
